The genetic code is established by the aminoacylation reactions of tRNA synthetases. Its accuracy depends on editing reactions that prevent amino acids from being assigned to incorrect codons. A group of class I synthetases share a common insertion that encodes a distinct site for editing that is about 30 Å from the active site. Both misactivated aminoacyl adenylates and mischarged amino acids attached to tRNA are translocated to this site, which, in turn, is divided into subsites-one for the adenylate and one for the aminoacyl moiety attached to tRNA. Here we report that a specific mutation in isoleucyl-tRNA synthetase prevents editing by blocking translocation. The mutation alters a widely conserved residue that is believed to tether the amino group of mischarged tRNA to its subsite for editing. These and other data support a model where editing is initiated by translocation of the misacylated amino acid attached to tRNA to create an ''editing complex'' that facilitates subsequent rounds of editing by translocation of the misactivated adenylate.
T
he coupling of an amino acid to its corresponding tRNA establishes the connection between the genome and the building blocks of proteins. The enzymes that catalyze this ligation, aminoacyl-tRNA synthetases, specifically recognize their respective amino acid cognates as substrates (1) (2) (3) . If a tRNA is charged with a noncognate amino acid, the error will be propagated into a nascent polypeptide chain, possibly leading to an inactive or misfolded protein. To avoid such mistakes, nature has evolved a number of editing mechanisms that protect against the formation of mischarged tRNAs (4) .
Isoleucine and valine differ by a single methylene group. Therefore, isoleucyl-tRNA synthetase (IleRS) must not only activate isoleucine but also work against misactivation of the off-target valine. To achieve high accuracy, IleRS uses two enzymatic functions that act as a ''double sieve'' (5) . The enzyme aminoacylates tRNA Ile with isoleucine and also hydrolyzes (edits) misactivated valine in a tRNA Ile -dependent process (6) . There is evidence that IleRS can edit both Val-AMP (pretransfer) and Val-tRNA Ile (posttransfer) (Fig. 1A) . Posttransfer editing was demonstrated directly through the rapid IleRScatalyzed deacylation of exogenous Val-tRNA Ile (7) . Fersht interpreted the data from rapid quench experiments as suggesting that pretransfer editing could be a significant alternative editing pathway for IleRS (5) . Further support for a pretransfer editing pathway comes from the isolation of a DNA aptamer that triggers the editing reaction but cannot be aminoacylated (8, 9) .
IleRS has two distinct active sites-one for aminoacylation and one for editing. The editing activity derives from a large insertion termed connective polypeptide 1 (CP1, 276 amino acids) (10) (11) (12) (13) (14) (15) . After amino acid activation, either Val-AMP or Val-tRNA Ile must be translocated to the CP1 editing site, which sterically excludes the correctly activated isoleucine (13, 16) . Mutagenesis of some conserved residues in CP1 yielded variants that possessed full aminoacylation activity but were altered in their ability to edit valine (13) . Specific site-directed mutations in CP1 of IleRS (and ValRS) give proteins that synthesize mischarged tRNAs because of their impaired editing (17, 18) .
The pre-and posttransfer editing pathways can be separated by mutation, suggesting the existence of distinct pre-and posttransfer subsites (T. L. Hendrickson, T.K.N., and P.S., unpublished results). This result is consistent with the crystal structure of the homologous Thermus thermophilus ValRS complexed with tRNA Val (19) . The posttransfer subsite model described by Fukai et al. (Fig. 1B) contains an aspartate (D328 in T. thermophilus IleRS, D279 in T. thermophilus ValRS, D342 in Escherichia coli IleRS) that does not appear in the pretransfer subsite model Abbreviations: IleRS, isoleucyl-tRNA synthetase; CP1, connective polypeptide 1. § Present address: ActivX Biosciences, Incorporated, 11025 North Torrey Pines Road, Suite 120, La Jolla, CA 92037. ¶ To whom reprint requests should be addressed. E-mail: schimmel@scripps.edu.
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thermophilus
ValRS (which aligns with D342 of E. coli IleRS) is positioned to interact with a misactivated amino acid that would be attached to either the 2Ј-OH or the 3Ј-OH of A76 in a posttransfer complex. The D279 side chain is too far away to directly interact with the ribose hydroxyls or to interact with the misactivated aminoacyl-AMP in a possible pretransfer complex. Coordinates of the ValRS͞ tRNA Val complex were taken from Fukai et al. (19) . ValRS and tRNA Val are colored by atom type (green, carbon; red, oxygen; blue, nitrogen). Hydrogen atoms and protein backbone oxygen atoms are not shown. (19) . This aspartate is conserved in all published sequences of IleRS and is also conserved in the most closely related synthetases, i.e., ValRS and LeuRS (20) . The carboxylate side chain of D342 is predicted to form a salt bridge interaction with the ␣-NH 3 ϩ of Val-tRNA
Ile
. By contrast, in the pretransfer model, D342 is not predicted to play a role in binding Val-AMP (19) . Therefore, one prediction is that IleRS 342 mutants would be specifically deficient in posttransfer editing.
Earlier results showed that pretransfer editing can be selectively disrupted through mutation (T. L. Hendrickson, T.K.N., and P.S., unpublished results). However, no IleRS mutants that are specifically posttransfer deficient have been described. Therefore, it was not clear whether pretransfer editing could take place in the absence of a functional posttransfer machinery. In the current study, we set out to further isolate the pre-and posttransfer editing pathways by mutating the putative posttransfer residue D342. In addition, we sought to better understand the translocation process by analyzing mutant proteins that harbored substitutions at a series of conserved residues along a possible ''translocation pathway'' between the aminoacylation and editing sites.
Materials and Methods
Plasmid Construction. All IleRS point mutants were constructed in the pBAD plasmid by using the QuikChange (Stratagene) system according to the manufacturer's instructions. The mutagenic primers (Invitrogen) used are available on request. All mutations were confirmed by sequencing over the mutated region.
Complementation Assays. The plasmids containing mutations in ileS were transformed into E. coli strain MG1655 (21) . Overnight cultures (200 l) of the resulting strains were pelleted, resuspended in 100 l of 10 mM Mg SO 4 ͞5 mM CaCl 2 , and infected with 50 l of P1 phage stock carrying the ileS::kan r marker for 30 min at 37°C. Sodium citrate was added (200 l, 1 M), and the cultures were incubated at 22°C. After 30 min, the entire culture was plated on LB͞agar͞50 g/ml of Amp͞25 g/ml of Kan͞ 0.02%arabinose and incubated for 3 days at 22°C. Kanamycinresistant colonies were isolated twice and used to express IleRS variants.
Protein Expression and Purification. Strains (⌬ileS::kan r ) containing plasmids expressing the various IleRS mutants were grown overnight to saturation in LB͞Amp͞Kan͞0.02% arabinose. The resulting cultures were diluted 1:100 and grown to OD 600 Ϸ0.4-0.6. IleRS expression was induced by the addition of 0.2% arabinose for 4-5 h. IleRS and IleRS mutants were purified as previously described (22) . IleRS mutants that were incapable of complementing the deletion of the wild-type gene (E199A, D532A, D564A, and R567L) were expressed from E. coli strain MI1 (17, 23, 24) . This strain encodes a mutant IleRS that possesses an elevated
Total Editing (ATPase) Assays. Total editing assays were carried out essentially as described (25) . For the measuring of the apparent K M for editing of tRNA Deacylation assays were performed as described with 10 nM IleRS or 20 M of the isolated CP1 domain (25) .
Results
Editing Activity of D342 Mutants. Mutant proteins were cloned, purified, and then investigated for their editing activities. For this purpose, overall editing was measured by the hydrolysis of ATP when IleRS, tRNA Ile , valine, and ATP are mixed. This assay monitors the sum of both pre-and posttransfer editing (Fig. 1 A) . Posttransfer editing activities were measured by monitoring the deacylation of exogenous Val-tRNA Ile .
To probe the role of the aspartyl 342 side chain in editing, we generated alanine, glutamate, and asparagine mutants at position 342 (D342A, D342E, and D342N IleRS). These mutant enzymes demonstrated that the editing activity of IleRS is extremely sensitive to the identity of the chemical group at position 342 ( Fig. 2A) . D342A IleRS possesses a severely depressed editing rate (roughly 20-to 30-fold) that is difficult to estimate because it is close to the background rate observed with no tRNA in the reaction mixture. D342E IleRS, which differs from the wild type by one extra methylene group, has a 2-to 3-fold reduced total editing rate. D342N IleRS, which is isosteric with the wild-type enzyme but lacks the acidic functionality of Asp-342, is highly defective in total editing (10-to 15-fold). These results show that the carboxylate of Asp-342 is crucial for editing, and that slight displacement of the carboxylate can have a significant effect on the efficiency of editing. The rate of this emission increase provides a direct measure of the kinetics of translocating misactivated valine from the aminoacylation site to the editing site.
D342A and D342N IleRS are severely deficient in their ability to translocate misactivated valine (Fig. 3B) . Unlike wild-type IleRS, no burst of fluorescence increase is observed when tRNA Ile is added to the D342A (or D342N) IleRS͞Val-AMP complex. The initial rates of dATP † binding on addition of tRNA Ile are reduced at least 10-to 20-fold for these ''noncarboxylate'' mutants. In good agreement with the data on total editing, D342E IleRS has a moderately reduced translocation rate. These data suggest that the carboxylate of Asp-342 plays a direct role in translocating misactivated valine to the editing active site.
Analysis of the Cloned Editing Domain. D342A and D342N are the first translocation-deficient mutants of IleRS to be identified. This result is surprising in that D342 is located within the posttransfer editing site, not along a possible translocation pathway between the aminoacylation and editing sites. To test whether the D342 mutants had an inherent deficiency in their deacylation activities, we generated D342A CP1. The CP1 domain of IleRS can be expressed as a stable polypeptide that is capable of deacylating Val-tRNA Ile (12) . This truncated protein contains no aminoacylation active site. We found that D342A CP1 does not deacylate Val-tRNA Ile , whereas wild-type CP1 deacylates mischarged tRNA Ile (Fig. 4) . These data suggest that D342 has a direct role in deacylation of Val-tRNA Ile . Because it is unlikely that a single carboxyl would function in both a dynamic translocation event and the resulting hydrolytic cleavage, it seems most probable that the role of D342 is to bind misactivated valine at the conclusion of the translocation process.
Kinetic Analysis of D342E IleRS Editing.
From the above data, we hypothesized that a major function of D342 is to orient ValtRNA Ile at the end of the translocation process. Thus, the editing defects of D342E, D342A, and D342N could be because of a Chemically synthesized Val-AMP was bound to the aminoacylation site at pH 7.5, 25°C. Translocation from the synthetic site to the editing site was induced by the addition of tRNA Ile (t ϭ 0 sec), resulting in increased emission at 440 nm. Under single turnover conditions, the rate of increased emission is directly related to the rate of translocation (17 D342N , the editing rates are too low to perform the equivalent experiment). Lineweaver-Burke analysis of the resulting data revealed that the K M app for D342E IleRS is Ϸ4-to 5-fold higher than for the wild-type enzyme ( Fig. 5 ; wild-type
. This result is specific to the editing reaction, as the D342E mutation has no effect on the value of K M for tRNA Ile in the aminoacylation reaction with Ile (Fig. 5 Inset) . This experiment confirms that the carboxyl group of D342 plays an important role in binding the acceptor stem of tRNA Ile in the editing site. In addition, the V max of D342E IleRS is Ϸ2-to 3-fold lower than that of wild-type IleRS. Thus, even a small displacement of the carboxyl group, through an aspartate to glutamate mutation, has a substantial effect on the enzyme's efficiency in the editing reaction.
The Search for Other ''Translocation Pathway'' Mutants. Little is known concerning the protein determinants that are important for translocation of misactivated valine in tRNA Ile -mediated editing. In an attempt to identify other important chemical groups along the translocation pathway, we generated a panel of IleRSs that contained point mutations in regions that lie between the aminoacylation active site and the editing active site (E199A, Y202F, V323A, G339A, D532A, D564A, R567L; E. coli numbering). The selected mutation sites are strongly conserved among IleRSs from different organisms (Fig. 6A) . In addition, the amino acid side chains of these sites are situated such that they could conceivably help to form a translocation channel between tRNA Ile and the tRNA-interacting face of IleRS (Fig. 6B) .
All seven IleRS mutants were tested for their ability to complement a strain bearing the ⌬ileS deletion. This test was accomplished by infecting E. coli strains containing the plasmidborne ileS mutants with P1 phage that carry a ⌬ileS::kan r marker, followed by selection for kan r colonies. Four IleRS point mutants (E199A, D532A, D564A, and R567L) failed to rescue the deletion of the wild-type gene. Of the seven mutation sites, these four are the most proximal to the aminoacylation site of IleRS (Fig. 6B) , suggesting that these noncomplementing mutants may have reduced aminoacylation activity. To investigate this possibility, we overexpressed and purified the four mutants. As suspected, E199A, D532A, D564A, and R567L IleRS all showed substantial aminoacylation defects (data not shown) and thus were not investigated further. Three mutants (Y202F, V323A, and G339A) complemented the deletion at levels comparable to complementation with the wild-type gene. In agreement with the complementation experiments, the purified forms of these mutants were able to aminoacylate tRNA Ile with activities comparable to wild-type IleRS (data not shown).
Editing Activity of Potential Translocation Pathway Mutants. Translocation of misactivated valine to the editing site is the rate- Fig. 2 A) were carried out at various concentrations of tRNA Ile . The reciprocals of the cpm of hydrolyzed ATP were plotted against the reciprocal of tRNA Ile concentration. KM app for tRNA Ile was defined as the negative reciprocal of the x-intercept of the resulting lines. Inset shows the equivalent experiment for the IleRS catalyzed aminoacylation reaction (formation of Ile-tRNA Ile ) by using various concentrations of tRNA Ile . limiting step of the editing process (16) . Therefore, mutants of IleRS that possess altered translocation rates should demonstrate differing editing rates. The IleRS mutants Y202F, V323A, and G339A had similar total editing activities, as measured by their ability to hydrolyze ATP in the presence of valine and tRNA Ile (Fig. 7) . G339A IleRS edits valine at a rate indistinguishable from the wild-type enzyme. Y202F and V323A IleRS have only slight defects in total editing. These results suggest that none of these putative ''translocation residues'' play a direct role in the translocation process.
Discussion
D342A and D342N IleRS are the first severely translocationdeficient IleRS mutants to be identified. These enzymes are essentially ''dead'' in an assay that uses a fluorescent ATPanalogue to measure the reoccupation of the aminoacylation site on translocation of misactivated valine. However, it is clear from further data that D342 does not play a role in translocation independent of a role in deacylation of exogenous Val-tRNA Ile . This deacylation defect is also present in D342A CP1, thus showing that D342A IleRS's inability to deacylate is not because of its translocation defect.
Taken together, the data presented here suggest that D342 does not play a role in the ''translocation pathway.'' Rather, this conserved aspartate acts by helping to bind misactivated valine at the end of translocation. Kinetic analysis revealed that D342E IleRS has a substantially heightened apparent editing K M for tRNA Ile . This result suggests that D342 functions as a binding element for misactivated valine in the editing active site. The question of whether the translocation pathway is a true pathway that is guided by specific protein contacts remains a subject of future work.
The D342 mutants also provide new insights into the substantial literature concerning the relative contributions of the pretransfer and posttransfer pathways to the overall editing reaction. Early kinetic studies suggested that pretransfer editing is the dominant pathway and that the posttransfer activity of IleRS functions as a ''cleanup'' mechanism (5). However, the results in this work show that posttransfer editing is important for the overall editing reaction-pre-and posttransfer. In the IleRS posttransfer active site model of Fukai et al. (19) , the residue corresponding to D342 makes a salt bridge interaction with the ␣-NH 3 ϩ of Val-tRNA
Ile
. D342 plays no role in the pretransfer active site model. Our results show that even subtle mutations at position 342 strongly affect total editing rates (overall ATPase activity; Fig. 1 A) . The isosteric D342N mutant enzyme edits valine at a rate roughly 5% of that of the wild-type enzyme. On the basis of the posttransfer subsite model, removal of the negatively charged aspartate should weaken a possible salt bridge between valine's ␣-NH 3 ϩ and the IleRS editing site. One would not predict that such a conservative mutation would disrupt pretransfer editing, as the putative pretransfer complex would not interact with D342. However, with all three D342 IleRS mutants, total editing rates drop by the same amount that the deacylation rate is reduced. A new model for editing that accounts for the previous and current data proposes that each IleRS͞tRNA Ile complex undergoes one round of posttransfer editing before subsequent rounds of pretransfer editing can begin. Thus, the series of events in an in vitro editing reaction would be misacylation of tRNA Ile with valine, translocation of the 3Ј end of the Val-tRNA Ile acceptor stem to the posttransfer editing site, followed by hydrolysis of Val-tRNA Ile , and processive shuttling and hydrolysis of newly activated Val-AMP molecules to the pretransfer editing site (Fig. 8) .
In this model, the translocation of the 3Ј end of the ValtRNA Ile to the editing site serves to prime the enzyme for subsequent rounds of pretransfer editing. This ''postpre-prepre'' model is consistent with a number of observations that have until now been difficult to reconcile. These include the observations that the hydroxyl groups of the terminal A76 of tRNA Ile are crucial for editing (6, 27) , and that all deacylation-deficient IleRS mutants that have been discovered to date have strong defects in total editing. (If pretransfer editing comprised an independent and predominate pathway, it should be possible to isolate IleRS mutants that cannot deacylate Val-tRNA Ile but retain high total editing activity.) The correlation between deacylation activity and total editing is most strikingly apparent in the various D342 mutants described here.
The postpre-prepre model of IleRS editing raises questions regarding the in vivo mechanisms of editing. If pretransfer editing must be preceded by a round of posttransfer editing, then it is likely that pretransfer editing has less biological significance in preventing the formation of mischarged Val-tRNA Ile . IleRS binds isoleucine roughly 100 times more tightly than valine. Thus, the binding of two consecutive molecules of valine at the aminoacylation site would be rare except under conditions where intracellular pools of valine were high.
